ABSTRACT: The winter precipitation variability over the Alpine region is described by a standard principal component analysis (PCA), performed starting from monthly precipitation anomalies for the 1971-1992 winters. With respect to the temporal variability, significant trends are found over some areas within the domain. In particular, the Alpine orography signature enables identification of 2 major sectors, located north and south of the chain, which exhibit an increase and a more significant decrease, respectively, in precipitation during the period examined. The relationship between surface and upper air data is then investigated by means of covariance maps of the precipitation principal components (PCs) with the 500 hPa geopotential height monthly anomalies and also by studying the correlation between the same PCs and some indices of large-scale circulation patterns, such as the North Atlantic Oscillation (NAO) and the Northern Hemisphere blocking frequency. The 2 leading precipitation patterns are characterized by significant relationships with large-scale anomalies: the NAO explains most of the Alpine precipitation variance, and a strong link is also found with Euro-Atlantic blocking. No significant connection is found between winter Alpine precipitation variability and the El Niño signature as deduced by sea-surface temperature anomalies.
INTRODUCTION
Precipitation is one of the most important meteoclimatic parameters, because of its strong impact both on natural ecosystems and human society. Characterized by a high spatial variability, it is generally determined by a large number of factors developing on different spatial scales. One of the most important forcing elements is orography, which interacts strongly with the large-scale flow, contributing to the determination of the precipitation field structure (Houze 1993 ). This interaction is very active in the Alpine region, due to the location of the chain in the transition region between the Atlantic Ocean, the Mediterranean Sea and the European continent ). Associated effects include, for example, the genesis of sub-synoptic orographic cyclones in the Gulf of Genoa (Buzzi & Tibaldi 1978 ) and the modification of cold fronts after their passage over the Alpine chain from the north-west. Even smaller circulation features can be triggered by the Alpine orography, such as 'multicell' and 'supercell' thunderstorms (Cacciamani et al. 1995) .
All these factors lead to highly complex spatial variability of the precipitation over the Alpine region (Cacciamani et al. 1994 . Most of the old climatological studies (see Fliri 1975 for an overview) were unable to capture this high variability due to the lack of an adequate observation network, coverage being essentially based on only Global Telecommunication System (GTS) data. Recently a much improved precipitation climatology over the Alpine region has been produced by , who used a large number of non-GTS rain-gauges made available by different institutions operating in the area. Starting from this large volume of raw data, daily precipitation analyses were created, leading to a much better definition of the Alpine mesoscale precipitation climatology.
A complete physical understanding of the Alpine region climate can only be obtained by studying the links between interacting processes on different time and spatial scales. The relationship between largescale anomalies and local weather can be investigated using several statistical techniques. For example singular value decomposition (SVD) and canonical correlation analysis (CCA) can be performed between the local weather parameters (e.g. precipitation) and the upper air large-scale meteorological fields; alternatively, principal component analysis (PCA) applied to one field can be followed by the computation of composite or correlation maps with other fields (see Wallace et al. 1992 or Bretherton et al. 1992 for a comparison of these methods).
The study of the connection between local weather and large-scale atmospheric circulation patterns (ACPs) is also a prerequisite to the 'downscaling' of GCM output (Giorgi & Mearns 1991) .
In this context we focus our attention on the Alpine area, analyzing the winter precipitation variability for the period 1971-1992, and trying to illustrate how it is related to the larger scale synoptic circulation. Significant relationships are found between the spatial variability over the region and larger-scale circulation patterns, such as the North Atlantic Oscillation (NAO) and blocking in the European and Atlantic sectors.
The paper is organized as follows: the data sets and diagnostic tools used are described in Section 2; Section 3 is devoted to the discussion of spatial and temporal variability of Alpine precipitation; in Section 4 we describe the links between precipitation in the Alpine region and larger-scale circulation anomalies; and finally in Section 5 we give the conclusions of the study.
DATA AND DIAGNOSTIC TOOLS USED
The precipitation data sets used in this study are taken from Xie & Arkin (1997) and , while upper air 500 hPa geopotential height (Z500) and sea-level pressure (SLP) fields are taken from the operational reanalysis (Kalnay et al. 1996) of the National Centers for Environmental Prediction (NCEP). The Frei & Schär precipitation data set consists of highresolution daily data on a 0.22°× 0.3°lat-lon grid, for the period 1971-1995 over the Alpine region, which extends from 42.18 to 49.88°N and from 2.1 to 18.9°E. The Xie & Arkin precipitation data are global and include monthly mean precipitation fields on a regular 2.5°× 2.5°grid for 1979-1995. The NCEP reanalysis data set covers 40 yr , and it includes 4 values each day for several variables on a 2.5°× 2.5°r egular grid. In this work we present results obtained both from daily and monthly averages of Z500.
In addition, some major indices have been used to describe well-known large-scale patterns: the NAO, the 'Niño 3', the Pacific North American pattern (PNA) and the Atlantic and European blocking indices. The NAO index is calculated following the definition given by Hurrell (1995) , based on the difference of normalized monthly SLP between Lisbon, Portugal, and Stykkisholmur/Reykjavik, Iceland. The 'Niño 3' index, obtained from the Global Sea Ice and Sea Surface Temperature (GISST) data set (Parker et al. 1995) , is defined as the average of the monthly mean seasurface temperatures (SSTs) over the area from 150 to 90°W and from 5.6°S to 5.6°N. The PNA index is calculated from monthly mean Z500 data, following the definition of Wallace & Gutzler (1981) , as a linear combination of the normalized height anomalies at the 4 pattern centers. The monthly blocking frequency is computed starting from daily Z500 data and using the Tibaldi & Molteni (1990) index, which detects for each longitude the frequency of occurrence of blocking events (easterly geostrophic winds at least at 1 latitude between 40 and 60°N and westerly geostrophic winds larger than 5 m s -1 at least at 1 latitude north of 60°N). The European blocking index is obtained as an average of the longitudes included between 20°W and 40°E, while for the Atlantic index we used the area between 80 and 20°W, as defined in Pavan et al. (2000) .
We investigated winter precipitation variability over the Alpine area by performing a standard PCA based on the covariance matrix of the monthly anomalies, evaluated with respect to monthly climatology, for the 22 yr period 1971-1992. The physical significance of the leading patterns is assessed by the use of a Monte Carlo test at the 99% significance level. This selection rule is based on a comparison between the fractions of variance explained by the empirical orthogonal functions (EOF) of respective order computed for the analyzed field and for a fictitious random field (Overland & Preisendorfer 1982) . It consists of an EOF decomposition repeated on 100 randomly generated data sets of the same size as the real one. The eigenvalues of respective order of all the 100 decompositions are sorted into ascending magnitude, and the 99th is taken to represent the variance explained by each given EOF of the random field. For each of the leading 3 precipitation EOFs described in the next section, the associated eigenvalue is much greater than its corresponding one in the random field EOF decomposition.
The choice of the winter months (December-March) is motivated by the greater spatial coherence of pre-cipitation variability expected in this season, due to its stronger link with large-scale circulation anomalies. This relationship is studied by computing covariance maps of the precipitation PCs with both the Z500 fields and the blocking frequency time series. These maps show the typical anomalous patterns associated with 1 positive standard deviation of the corresponding precipitation PC.
ALPINE PRECIPITATION: SPATIAL AND TEMPORAL VARIABILITY
Before presenting the results of our analysis, we show the orography of the Alpine area in Fig. 1 and the winter precipitation mean field in Fig. 2 . We observe that the most intense signals are located along the Apennine chain, and over an elongated NW-SE belt which extends from Friuli Venezia-Giulia (the northeastern Italian region) to southern Croatia, following the Adriatic coast. Fig. 3 shows the leading 3 precipitation EOFs, computed from the winter monthly anomalies. They explain respectively 38.6, 21.3 and 7.8% of the total variance over the Alpine region for 1971-1992. The spatial structure of EOF1, similar to the described winter mean field (see Fig. 2 ), is characterized by positive values over the whole area, with a strong orographic signature. This similarity of EOF1 with the mean field reflects the fact that the variance turns out to be maximal when the mean field is larger, as expected for precipitation. The second EOF shows a dipolar structure, with positive and negative sectors over the northern and southern sides, respectively, of the Alpine chain. An east-west variability over the region, with a particularly strong signal over the Ticino area (at the boundary between southern Switzerland and Italy, around 9°E, 46°N), is explained by the third EOF, while the fourth (not shown) captures more localized signals, which can be described as 2 opposite anomalies over the southern Massif Central and northeastern Italy. The robustness of this EOF decomposition was tested by repeating the analysis separately over the 2 half periods of the data set used (H1: 1971-1981; H2: 1982-1992) , again for the winter months alone. The resulting structures are very similar to the previous ones, as seen in Table 1 , where the correlation coefficients between the spatial patterns corresponding to the whole period and to the two 11 yr sub-periods are shown (the significance level for all the coefficients is greater than 99%). The 2 periods have a substantial variation in the fraction of the total variance explained by the 2 leading EOFs. Looking at Table 2 , we observe that the variance explained by EOF1 is strongly reduced in the second decade, while the EOF2 variance increases.
The temporal variability relative to these spatial patterns is shown in Fig. 4 , which presents the time series (PCs) associated with the 3 leading EOFs. A linear regression analysis was performed to investigate the presence of trends, and the results are shown in Table 3 . The values of the variable Student's t are obtained after prewhitening the seasonally averaged time series of the PCs (von Storch 1995). To this aim, the lagautocorrelation α at lag-1 is estimated for each series x t and the test is conducted on the new time series, y t = x t -ax t-1 , which is much less affected by serial correlation. In this way we are able to eliminate stochastic fluctuations generated by a first-order autoregressive (AR[1]) process from any signal of trend. The significance level of rejection of the null hypothesis ('no trends') is given in the last row of Table 3 .
We observe that the poorly significant (80%) negative trend shown by PC1 over the whole period becomes significant at the 99% level for 1977-1992. PC2 is instead characterized by a weak positive trend over all the period (significant at the 87% level). Considering these features and recalling that the first 2 EOFs explain most of the variance of the field, it can be concluded that the winter precipitation has decreased over the southern sector of the region H1: 1971 -1981 H2: 1982 -1992 TOT: 1971 TOT: -1992 DET: 1971 DET: -1992 for the positive trend and -2.5 mm d -1 decade -1 for the negative trend, and the significance level is generally higher for the grid-points characterized by decreasing precipitation. In particular the areas of strongest significance (greater than 99%) are located over western Italy, the southern French coast and the Massif Central, but a larger region including most of the Po Valley shows a significance always greater than 95%.
This result is consistent with other studies, which focus on regions partially overlapping the one analyzed here, but for longer time series. For example, Widmann & Schär (1997) 30 mm in 30 yr on average over the area) and a less significant decrease over the area south of the Alps. A negative winter trend was also found for the shorter period 1979-1995 over the whole Mediterranean basin (Quadrelli et al. 2001) . It should be noted that both the magnitude and the spatial structure of trends are very sensitive to the length of the time series, the selected years and the data set resolution. For example, in our case the choice of the period deeply influences the magnitude of the negative trends in the southern part of the region. The same linear regression performed on the 2 halves of the data set reveals stronger negative trends in the second sub-period. Furthermore, other authors, studying data from 30 stations in northern Italy, show that the period 1980-1999 is characterized by a strong precipitation decrease which was not detected in the previous 20 yr ( Buffoni et al. 1999 , Zuccherelli 2000 . Comparing Figs 3 & 5, we observe that the spatial pattern exhibited by the observed trend is similar to the the second EOF (the correlation coefficient between the 2 maps is r = 0.91). However, the EOF decomposition leads to the same patterns even when repeated over a de-trended data set, obtained by subtracting from each individual grid point time series its corresponding linear regression estimate. This similarity is confirmed by the very high correlation coefficients between these de-trended EOFs and the original ones (see Table 1 ). Even the proportion of the explained variance of the de-trended set EOFs is similar to that of the original data set. We can conclude that the EOF-derived spatial structures are real variability patterns and not the mere product of a linear trend in the data. Even if the period is not long enough to enable the detection of a strongly significant climatic change, it is likely that the observed long-term variation of precipitation distribution is not due to different variability patterns, but to a modified frequency of occurrence of the same patterns.
LINKS BETWEEN PRECIPITATION AND LARGER SCALE CIRCULATION ANOMALIES
The relationship between surface regional data and upper air large-scale fields was investigated using the covariance maps of the Alpine precipitation PCs with both the hemispheric Z500 anomalies and the blocking frequency time series. The Z500 pattern associated with the second Alpine precipitation EOF is characterized by 2 main opposite centres of action over Europe. When the positive (negative) centre is located over the Iberian Peninsula and the negative (positive) centre over Scandinavia, a north-westerly (south-easterly) anomalous flow impinges on the Alpine chain producing drier (wetter) weather in the southern Alpine region and wetter (drier) conditions over the other side of the chain. Tables 4 & 5 show that PC2 is negatively correlated with the European blocking index (r = -0.66; r = -0.71 for de-trended time series), in agreement with the strong blocking signature over Europe in Fig. 6b . The weak correlation of the same PC2 with the 'Niño 3' index (r = 0.44, Table 4) does not appear significant when correlating the de-trended time series (Table 5) , showing that PC2 does not follow the interannual variability of the El Niño/Southern Oscillation (ENSO). This result does not contradict the assessment that there is an impact of El Niño on Europe, but it is found to be smaller than the magnitude of internal variability (Fraedrich 1994) .
500 hPa geopotential height
The covariance map associated with PC3 ( Fig. 6c) is characterized by much weaker signals than those of the previous 2 PCs, in agreement with the absence of significant correlations with large-scale patterns (Tables 4 & 5) . 
Blocking frequency
We also investigated the relationship between precipitation and upper-air circulation anomalies using the Tibaldi & Molteni (1990) blocking frequency. The blocking pattern has been widely described in the recent literature (e.g. Tibaldi et al. 1994 , Pavan et al. 2000 . Its climatological frequency is characterized by 2 peaks over the Euro-Atlantic and the Pacific sectors. As seen in Tables 4 & 5 , the first and second EOFs are highly correlated with the blocking frequency anomalies localized over 2 sub-regions of the Euro-Atlantic sector, around 60°W and 0°. This is consistent with Fig. 8 , which shows the winter climatology of the blocking frequency computed for the months December-March 1971 -1992 (Fig. 8a) and the covariance maps of the same field with each of the 3 precipitation PCs (Fig. 8b-d) . Each covariance map describes the typical blocking frequency anomaly associated with 1 positive standard deviation of the given PC.
Intense precipitation over almost the entire area, associated with strong EOF1 events, is related to positive blocking frequency anomalies over the west Atlantic (around 60°W), when the NAO is in its negative phase (Fig. 8b) Table 6 ). This can be explained by the fact that the Atlantic blocking produces a southward shift of the jet-stream and, as a consequence, a southward moisture transport towards the Mediterranean basin instead of northern Europe. In Fig. 8b we observe that the covariance peak around 60°W associated with positive EOF1 precipitation anomalies represents a 40% increase in blocking events with respect to climatological values. The negative covariance peak centered around 0°does not have the same relevance, since it explains only a 10% decrease for this longitude of high variability.
A strong blocking frequency signal is also detected in association with the second precipitation PC (Fig. 8c) , as mentioned above. In agreement with the highly significant anti-correlation (r = -0.66; r = -0.71 for detrended time series; Tables 4 & 5) between PC2 and the European blocking index (mean blocking frequency in the band 20°W to 40°E), an increase in blocking episodes over the eastern Atlantic and western Europe (+ 40% compared to climatology around 0°) is associated with negative EOF2 precipitation anomalies, with dry conditions over the northern Alpine side and wet anomalies over the southern side.
A lower level of significance is observed in the case of the covariance for EOF3, which does not localize the blocking frequency signal over any particular longitude (Fig. 8d) .Recalling the discussion of Section 3, we observe that the high correlation coefficients between PC1 and NAO and between PC2 and European blocking are not affected by any trend present in this short period of record. As shown in Table 5 , the significance of both these 2 correlations is 99%, based on detrended time series.
SUMMARY AND CONCLUSIONS
The Alpine region is very complex and its weather is determined by many topographical factors, such as orography, a maritime influence, or its location between the mid-latitude temperate zone and the Mediterranean area.
Using the precipitation data set, we performed a PCA to describe the spatial and temporal precipitation variability over this region for the 1971-1992 winters. The area covered by the data includes northern Italy, south-eastern France, Switzerland, Austria, Slovenia and northern Croatia.
To understand how local variability is related to larger-scale circulation anomalies, covariance maps of the PCs were computed both with Z500 geopotential height and blocking frequency. We showed that the winter precipitation variability over the Alpine region is determined by low-frequency fluctuations affecting the whole of Europe. Most of the precipitation variance is explained by the NAO, and the consequent northsouth shift of the Atlantic storm track pattern; overall the Alpine region tends to be drier during months of positive NAO phase.
Blocking is also relevant for the location of precipitation anomalies over the Alpine area. The occurrence of West-Atlantic blocking (mostly when the NAO phase is negative) implies an increase in the precipitation over the whole Alpine area. In fact, the splitting of the jets caused by a blocking episode allows the southern branch of the westerlies to reach southern Europe. Furthermore, European blocking determines different precipitation patterns over the northern and southern sides of the Alpine chain. The high-pressure anomaly at high latitudes causes dry conditions over the whole of the northern side, while the southern anomalies are positive.
The robustness of the relationship between the Alpine precipitation variability and its associated circulation anomalies is validated by the fact that results obtained by other authors are similar. For example, Burkhardt (1995) , who analyzed station data for the 1951-1984 winter months, obtained precipitationgeopotential coupled patterns which closely resemble ours (Figs 1 & 5, patterns 1 and 2) , showing that these structures are also detectable for a longer period than the one we examined.
We have discussed the weak relation between the observed Alpine precipitation and the Pacific variability due to El Niño; we highlight the fact that our data set is too short to assess the significance of such a small signal.
The observed temporal variations of precipitation are also a very interesting subject of analysis, in the context of the general debate on anthropogenic climatic change (Houghton et al. 1990 ) and its regionalscale implications. Significant trends were detected for the winter season over some areas within the Alpine region. Specifically, the sector north of the Alpine chain exhibits an increase in observed winter precipitation, in agreement with more spatially localized results obtained by other authors studying longer periods (Schönwiese et al. 1994 , Widmann & Schär 1997 . On the other hand, south of the Alps, the trend is opposite and stronger, with precipitation decreasing up to 2.5 mm d -1 decade -1 over the most affected points (Massif Central and western Italy). This dipolar feature could be seen as the superposition of a weak negative trend for the whole area (PC1) and a north-south dipolar trend (PC2) which tends to strengthen the decrease in precipitation only in the southern part of the region, where in fact we find the most highly significant values of the grid-point trends.
The EOF decomposition repeated over a de-trended data set led to the same spatial patterns. Our data set covers a period too short to reach definitive conclusions, but our results seem to support the hypothesis that a possible climatic change does not modify the variability patterns of precipitation, but only varies their intensity or their frequency of occurrence.
